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Introduction
Knowledge of a substance's vapor pressure is critical to calculations related to any material's processing, use, long-term aging, and environmental fate/transport. Rigorous measurement of a substance's vapor pressure may be obtained by several proven direct methods, including the following:
• Direct pressure measurement methods rely on sensitive pressure gauges that directly measure the pressure exerted by a material. These methods cannot distinguish impurities from test materials and require long equilibration times (1-3).
• Effusion methods require high vacuum and a micron-scale orifice that permits escape, but not re-entry, of volatilized material. Weight loss of a material held at a certain temperature is determined collecting vaporized material that has passed through the orifice on a cold trap. Mass loss is usually followed as a function of time. This method requires long equilibration times, cannot distinguish between impurities and test materials, and is subject to typical problems associated with high vacuum systems (4-6).
• Gas saturation (also known as transpiration) methods require establishing an equilibrium concentration of vapor in a carrier gas above a test material. The test material is then separated from the carrier gas and its mass determined. The method is subject to typical problems associated with high vacuum systems (6-8).
• Thermogravimetric methods measure mass loss and correlate to vapor pressure by use of Langmuir theory. The method requires a uniform surface area that is most easily obtained by melting/freezing a test material. While this approach may not be feasible for some energetic materials that decompose on melting, it has been successfully applied to a number of energetic materials (9-10).
• Differential scanning calorimetry (DSC) methods offer the advantage of observing phase changes, but require that the material exhibits a sharp melting point. Also required are the use of a pressure/vacuum chamber and samples in DSC pans with pin holes to allow material to escape as the material is heated. Pressure is recorded during observance of the boiling endotherm, and the boiling temperature is recorded as the extrapolated onset temperature (11-12).
• Gas chromatography (GC) headspace analysis requires the establishment of an equilibrium concentration of vapor in the headspace above a test material. Samples are then collected and analyzed by GC, which is calibrated in advance using known masses/volumes of standard test material (13) (14) (15) .
There is no single direct vapor pressure measurement method that is applicable to the entire range of vapor pressures and temperatures. Several methods are therefore recommended for measuring vapor pressure. The reader is advised against accepting vapor pressure data quoted in non-primary sources because values are often extrapolated from data collected at higher temperatures and may not be accurate at the desired temperature. For this study, accurate values for vapor pressure at 25 °C were sought out for a number of energetic and non-energetic compounds. Very little data found on material data sheets for vapor pressure at 25 °C, for example, are reliable.
Indirect measures of vapor pressure involve the correlation of some property of a material with experimentally determined direct vapor pressure measurements. The correlation is then used to calculate the vapor pressure of a material whose vapor pressure is not known. An example of an indirect method is given in figure 1 (left) (16) . Figure 1 (right) shows what appears to be an excellent correlation of data for four energetic materials at 370 K from the plot on the left. An attempt to extend the correlation to include additional energetic materials from the current study is shown in figure 2 and illustrates that molecular weight is actually not a good predictor for vapor pressure. GC can also be used for indirect prediction of vapor pressure. The method is based on the correlation of the inverse of GC retention time to vapor pressure and has been found to give reasonable results for non-polar organic compounds (17) and polychlorobiphenyl (18) . No references to the method's use for predicting the vapor pressure of energetic materials was found in the literature. The vapor pressure of a material will vary with crystal form (19) , as well as with temperature for a given crystal form. While results are often cited at specific temperatures, results may also be reported for a range of temperatures in the form of the Clausius-Clapeyron equation (equation 1), the slope of which may be used to calculate the heat of sublimation (for a solid) or vaporization (for a liquid).
where
For a critical review of vapor pressures of energetic material, the reader is directed to a recent publication by Ostmark et al. (20) , which presents data for 23 energetic materials. The reference includes coefficients for the Clausius-Clapeyron equation, the temperature range at which measurements were made, and vapor pressure values at 25 °C (usually extrapolated).
The subject of the current work is a new indirect method for prediction of the vapor pressure of organic materials (energetic or non-energetic) that is based on the correlation of reliable experimental vapor pressure measurements at the temperature of interest with the temperature at which weight-loss begins in a thermogravimetric analysis (TGA) at a fixed heating rate. The method has been found to be applicable across a wide range of temperatures and vapor pressures.
While the method will not replace rigorous, direct measurements of vapor pressure, it is seen a potentially useful tool for those in the chemical propulsion community who need vapor pressure values for a variety of applications.
Experimental
Samples used in this work are listed in table 1 along with any available identifying information. Note: All abbreviations of defined on the List of Symbols, Abberivations, and Acronyms at the end of the report.
All samples were subjected to TGA using a TA Systems Q500 TGA. Analyses were conducted by first allowing the sample to equilibrate at 40 °C for 5 min and then heating at 10 °C/min to 400 °C. All analyses were run under an inert atmosphere (nitrogen flowing at 60 mL/min). Sample mass generally ranged from 1 to 2 mg. No effort was made to use a constant mass. All samples were powders or crystals, and were dispersed in disposable aluminum pans that were then placed on a standard platinum TGA hanging pan. No effort was made to control the distribution of the sample in the aluminum pan other than to gently tap the aluminum pan before placing on the platinum pan. Weight-loss onset temperatures were determined by identifying the temperature at which the starting mass-% has decreased by 0.3 wt.%. Given a sample that starts out at 100.0 wt.%, the weight-loss onset temperature therefore corresponds to the temperature at which the mass decreased to 99.7 wt.%. There is no physical significance to this mass loss; the 0.3% loss was arbitrarily selected and appears to result in a useful correlation with experimentally determined vapor pressures from the literature.
An example of TGA data and weight-loss onset temperatures for a number of energetic materials is given in figure 3 . Table 2 presents data on the reproducibility of determining the TGA weightloss onset temperature for RDX. Reproducible values were readily obtained using the process described above despite the variation in sample size. Figure 4 shows a correlation of log vapor pressure at 100 °C versus TGA weight-loss temperatures for 14 materials (energetic and non-energetic). The two data points in red are both for caffeine; values for vapor pressures measured by two different groups differ by about two orders of magnitude. It is clear that any indirect prediction method can only be as good as the direct measurements used in establishing the correlation. (24), anthraquinone (25, 26, 27) , melamine (28) .
Results and Discussion
Whereas the correlation shown in figure 4 includes vapor pressure data that were either obtained in the range of 100 °C or obtained outside that range and extrapolated to 100 °C, the plots shown in figure 5 are obtained using only data obtained in the range of the indicated temperatures (i.e., 100, 70, and 25 °C). The correlation for 25 °C includes just 5 points. Despite the plethora of data for vapor pressures at 25 °C available on internet, reliable data (i.e., data obtained in a range that includes 25 °C) was very hard to come by for the materials on hand in our lab. For all three temperatures, correlation coefficients are a minimum of 0.9 and are expected to yield useful predictions for materials with unknown vapor pressures at those temperatures. Using the correlation plots shown in figure 5a and c, the vapor pressures of CL-20 at 100 and 25 °C were determined, and then compared with values calculated by Boddu et al. (29) . The results are shown in table 3. ARL predictions are approximately two orders of magnitude higher than the calculated estimates by Boddu et al. At 100 °C, the ARL prediction suggests that the vapor pressure of CL-20 (log VP = -7.2) is about an order of magnitude higher than HMX (log VP = -8.3), whereas the Boddu et al. calculation (log VP = -9.2) predicts it to be about an order of magnitude lower than HMX. In either case, it is clear that CL-20 has a relatively low vapor pressure. For calculations involving vapor pressure, an estimate between 10 -7 and 10 -9 torr (at 100 °C) is probably reasonable to use until an experimental value is determined. The correlation in figure 5a was generated with TGA weight-loss onset data for eight different compounds (the "full set," which includes 2 data points for caffeine). What if those nine compounds were not available, but common materials found in most energetic material labs were available? What if only RDX and HMX were available? Correlations with these limited calibration sets are given in figure 6 . The correlation on the left was produced with four common energetic materials, i.e., TNT, PETN, RDX and HMX, which comprise the "limited set," while RDX and HMX comprise the "RDX/HMX set" (figure 6, right). The slope and intercept of the line from the "limited set" is nearly identical to that from the "full set" (figure 5a); the correlation coefficient of the former is better primarily because the discrepant data for caffeine are omitted. The slope of the line from the "RDX/HMX set" data is slightly higher, but as can be seen in table 3, gives nearly the same predicted values for CL-20 vapor pressure at 100 °C. These results suggest that reasonable vapor predictions can be made in any lab with a TGA and a couple of "standard" materials (energetic or not) with reliable, known vapor pressure values. Predicted values for the vapor pressure of NTO, DNAN, TATB, and HNS are compared with experimental values from the literature in table 4. Values generally agree to within an order of magnitude (i.e., value agrees within ± 1 log units). Table 5 gives predicted vapor pressures for 29 high-nitrogen energetic materials using both the "full" and "RDX/HMX" correlation data sets. Most of the high-nitrogen samples were synthesized by Klapötke's group at the Ludwig-Maximilian University of Munich and stored at ARL since 2007. Each was analyzed as received. There are some obvious questions about the data. For example, why do samples 2 and 3, 1-methyl-5-aminotetrazolium nitrate and 1,4-dimethyl-5-aminotetrazolium nitrate, which differ by just a methyl group, have predicted vapor pressures that vary by four orders of magnitude? The difference may be real, or may be due to sample impurities. It is beyond the scope of the current work to resolve such differences. The predicted values listed in table 5 will be further investigated based on mission needs. 
Conclusions
We drew the following conclusions from this work:
• A new micro-method for predicting vapor pressure has been developed.
• The method requires a TGA and several energetic and/or inert materials with reliable experimentally determined vapor pressures at the temperatures of interest.
• The new method gives predicted vapor pressures that seem to be within about an order of magnitude of experimentally determined vapor pressures (i.e., value agrees within ± 1 log units).
• It appears that the method can give reasonable values by calibrating with as few as two standards (RDX and HMX).
• The method has been used to predict the vapor pressures of approximately 30 energetic materials whose vapor pressures have not previously been determined.
• Predicted values are expected to be close enough to true values to be useful for processing, use, and fate and transport calculations.
• The new micro-method does not replace more rigorous methods of vapor pressure determination. 
